If it is necessary to know the amount of reserve left in a servo-mechanism it is little use looking at the output of the system as this may stay within normal limits right up to the moment of failure. An indication of the reserve can be gained from knowing how much work the mechanism is doing or the content of its feed-back loop. In man we have access to neither of these pieces of information.
There are, however, other ways of approaching this problem. In a complex interactive servomechanism there exists in each of the sub-sets of the total system random oscillations with characteristic amplitudes, frequencies and phase relationships to oscillations within the other groups. These can be thought of as the total system hunting for an ideal solution to its input. These fluctuations change in character when the system is under stress and it is possible to detect stress within such a system by measuring by how much the characteristics of these fluctuations have changed. It will take some time before the significance of these changes can be fully appreciated or it can be concluded that a given set of changes is uniquely determined by a particular stress.
A second approach to the problem is to deliberately give a known degree of stress to the system and measure the response. Though less elegant than the first method it has the advantage that the stress can be made reasonably specific for a particular system and to some extent can be made to imitate a possibly unfavourable clinical situation. The physiology is therefore more circumscribed than in the former case though the two approaches are clearly complementary rather than contrasting.
Work has already been done on a number of responses to specific stresses. Professor Sayers has outlined the work in which he is engaged (p 473). Smith & Schwede (1972) have recently described changes in arterial blood pressure in response to halothane and demonstrated how the transfer function of the system changes with the halothane concentration. In our own department we are studying the changes produced in the arterial blood pressure in response to a step change in intrathoracic pressure in anesthetized intubated patients. The recovery from the stress in fit young subjects is rapid and the settling time is short while the recovery time for the same degree of stress in elderly frail or hypovolkmic patients is longer and takes a long time to settle to the prestress value. This particular test demonstrates one great advantage of this form of testing. This is the fact that it is the general shape of the response and the phase relationship between measured functions which is of greater importance than the absolute values of the functions measured.
If the arterial blood pressure and the photo-electric plethysmograph are recorded together during such a stress it can be seen that both follow exactly the same pattern. Neither the fact that the digital plethysmograph record is not an absolute value nor the fact that it drifts is important as it is the shape of the curve which is significant and the drift is negligible within the short period of the test. The non-invasive aspect of this test is of relevance to any form of testing which is seriously proposed as the basis of a monitoring system which is going to have wide application in many clinical situations because it is easy to use and acceptable to the patient.
There are obviously a large number of other such stress tests involving small physiological or pharmacological stresses which could be used to predict the future clinical progress of the patient. Such tests could have ethical problems if the test could in any way be considered detrimental to the safety of the patient, but these objections can be overcome if the stress testing can be done as part of the treatment. A good example of this approach is observing the effect of either an artificial 'sigh' produced by a ventilator or an intravenous infusion on the patient's blood pressure.
The above arguments postulate that for a patient monitoring system to be predictive it must use information derived from the autonomic nervous system, and in order for it to have the widest possible application it must utilize, as far as is possible, non-invasive techniques. Hooker proposed that the pulse pressure could be used as a rough index of stroke volume. Since that time many models and formulae have been introduced whose sponsors claim results which agree closely with those obtained by standard methods. However, like certain wines, these models travel badly, at least from one experi-Section ofMeasurement in Medicine mental laboratory to another. Certainly none has found universal acceptance.
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At Westminster Hospital we have been investigating two models. The first was proposed by Homer Warner et al. in 1953. The second was investigated more recently by Kouchoukos and his colleagues (1970) . Both models have many attractive features. They claim to give a beat-bybeat estimate of ventricular output and yet rely on a single measurement, namely that of central aortic pressure. In addition the models were in clinical use, though for rapid results an on-line digital computer was necessary (Warner 1966 , Kouchoukos et al. 1969 .
Our original investigations had two principal aims. First, we wanted to test the models under a wide range of physiological conditions and see if there were any under which they were no longer valid. Secondly, if a model proved acceptable, it was hoped to devise some analogue, or analoguedigital hybrid device to process the pressure signal and avoid the need for on-line computer facilities.
The formula which Warner et al. (1953) first proposed for deriving the stroke volume from the central aortic pressure trace is stroke volume = Ki Pmd (1+-Sa (HW1) \Da Sa and Da are certain areas under the pressure curve, and the term Pmd represents a quantity called the 'mean distending pressure'. The constant K may be determined by comparing simultaneous estimates of stroke volume by the above formula and by an independent technique such as Fick or dye-dilution. Some years after publishing this formula Homer Warner reported that his results correlated better with flowmeter estimates of stroke volume if the square root of the mean distending pressure was used (Warner 1966) . The formula then becomes stroke volume-=KK2VPmd (1+ ) 
This modified formula will now be referred to as the Homer Warner 2, or HW2 formula.
The equation used by Kouchoukos to derive stroke volume is stroke volume = K3 PPsa.(1 + ) (KS) Psa is the area under the systolic portion of the pressure trace above a horizontal line drawn through the end-diastolic point. Ts and Td are the durations of systole and diastole respectively. K3 is a constant which may be determined in the same way as the constants in the Homer Warner formulae.
In addition we thought it would be interesting to study the behaviour of the term Psa alone. This gives a fourth formula which from now on will be referred to as the systolic area (SA) formula: stroke volume = K4-Psa (SA) Our initial investigations were made using 3 anesthetized dogs. For each dog some forty to fifty simultaneous determinations of cardiac output were made by the dye technique and by pressure waveform analysis. A number of interventions were used to produce changes in stroke volume, heart rate and arterial pressure. The dogs were submitted to severe heemorrhage and fluid overload, to increased expiratory resistance and to vagal stimulation. We employed halothane and both a-and /-adrenergic stimulating and blocking drugs.
At the time of producing a dye curve, the central aortic pressure was recorded on magnetic tape. Some 12-15 beats were subsequently taken from the tape at the period around the peak of the dye curve and the pressure signal passed through an analogue-to-digital converter. After the markers indicating the onset and finish of systole had been checked, a computer program calculated the results in accordance with the four formule. Table 1 gives the correlation coefficients and regression intercepts for the various formuka. In each case the estimates of cardiac output by pressure waveform analysis have been regressed on the corresponding dye values and the slope of the resulting line adjusted to be unity. Effectively this takes every experimental point into account in calculating K for each formula. In addition the data from the 3 dogs have been pooled and the regression coefficients again adjusted to be unity. Experimental plots for the pooled data comparing the HW2 and SA results with those from dye curves are shown in Fig 1 and Fig 2 respectively . Table 1 shows that the systolic area formula, the simplest of all four, yields a correlation coefficient between 0.91 and 0.96, and in 2 of the 3 dogs gives the highest value for this parameter. Not only is the correlation good but also the regression line tends to pass through the origin. An additional encouragement is that it should be simple to construct an analogue device which will compute the systolic area from the aortic pressure signal.
In our hands, the modified Homer Warner formula, HW2, yields no improvement in correlation coefficient compared with its predecessor, and increases the already substantial regression intercept shown by HW1.
The results from the Kouchoukos formula may now be compared with those from the closely related systolic area formula. Over the lower range of cardiac output the factor (1 +Ts/Td) remains fairly constant so that the results agree closely. Under high output conditions, particularly those associated with fluid overload, this factor increases in value and the Kouchoukos formula overestimates stroke volume as compared with both systolic area and the dye technique. The inclusion of these values in the statistical calculations reduces the correlation coefficient and tends to swing the regression line to give a negative intercept.
The idea of obtaining the stroke volume from analysis of the pressure waveform has a long history, and models which have been introduced with enthusiasm have failed to stand the test of time. We may yet be forced to admit with Donald McDonald that we are searching for an El Dorado. So far, however, our results are sufficiently tantalizing to encourage us to continue.
